Bias, frequency and temperature-dependent capacitance characteristics of p-GaAs homojunction interfacial work-function internal photoemission ͑HIWIP͒ far-infrared detectors are reported. A strong negative capacitance phenomenon has been observed. Unlike in other devices, even up to 1 MHz in HIWIP, the negative capacitance value keeps increasing with frequency, giving a stronger effect. The origin of this effect is believed to be due to the carrier capture and emission at interface states. Fitting data based on charging-discharging current and the inertial conducting current model show good agreement with the experimental observations.
High performance far-infrared ͑FIR͒ ͑40-200 m͒ semiconductor detectors as well as large focal plane arrays are required for space astronomy applications, such as the National Aeronautics and Space Administration's ͑NASA's͒ airborne mission, Stratospheric Observatory for Infrared Astronomy ͑SOFIA͒, and the ESA's Far-infrared and Sub-mm Telescope ͑FIRST͒ programs. Si or GaAs homojunction interfacial work-function internal photoemission ͑HIWIP͒ farinfrared detectors can compete with extrinsic Ge photoconductors ͑unstressed or stressed͒ and Ge block-impurity-band ͑BIB͒ detectors due to the material advantage of Si or GaAs over Ge. 1 The detection mechanism 1 of HIWIP detectors involves infrared absorption in the highly doped emitter layers mainly by free carrier absorption followed by the internal photoemission of photoexcited carriers across the junction barrier and then collection. The detector cutoff wavelength c is determined by the interfacial barrier height between the emitter layers and undoped intrinsic layers. Significant progress has already been achieved in the development of p-GaAs HIWIP FIR detectors, 2 resulting in a responsivity of 3.1 A/W, detectivity of 5.9ϫ10 10 cmͱHz/W, with cutoff wavelengths as long as 100 m. The studies of the frequency or time-dependent characteristics can give direct and more detailed information on physical processes of the HIWIP device operation. ac measurements such as capacitance-voltage (C-V) or admittance spectroscopy have been proven useful in determining the charge distribution in semiconductors. 3 The aim of this letter is to report the experimental and simulation results of HIWIP capacitance with the emphasis on its negative capacitance phenomenon.
The p-GaAs detector sample ͑No. 9604͒ studied here as reported before 2 was grown by molecular beam epitaxy ͑MBE͒ with epilayers consisting of a 3000 Å bottom contact (p ϩϩ ) layer, a 1500 Å undoped ͑i͒ layer, 20 periods of thin emitter (p ϩ ) layers ͑thickness 150 Å͒ and undoped i layers ͑thickness 800 Å͒, and finally a 3000 Å top emitter layer and a 3000 Å top contact layer. The emitter layers were doped with Be to 4ϫ10 18 cm Ϫ3 . The calculated geometrical capacitance (C 0 ) for a mesa of 800ϫ800 m 2 was 44 pF. The bias and frequency dependent capacitance was measured using a computer-controlled Hewlett-Packard 4284A LCR meter. The modulation voltage did not exceed 5.0 mV, which is much less than the barrier heights at interfaces between the emitter and intrinsic layers.
Typical capacitance-voltage characteristics of the p-GaAs HIWIP FIR detector at 4.2 and 10.0 K at different frequencies are presented in Fig. 1 . The present GaAs HIWIP FIR detector displays symmetric C-V characteristics under positive and negative biases, unlike the asymmetric behavior 4 in GaAs/AlGaAs quantum well infrared photodetectors ͑QWIPs͒ due to dopant migration in the growth direction. 5 The symmetric behavior can also be observed in its dark current-voltage ͓see the inset of Fig. 1͑a͔͒ and noise-voltage 6 measurements. However, similar to the case of QWIPs, the capacitance displays a maximum at zero bias, decreases rapidly with increasing bias voltage, and reaches negative values at higher biases. The decrease is more rapid The capacitance at lower biases ͑e.g., 0.1 V͒ is positive at higher frequencies and decreases with frequency to negative values. However, at higher biases ͑above 0.18 V͒, the capacitance is negative in the whole frequency range measured and decreases rapidly with the frequency, where the absolute value of the negative capacitance at low frequencies can be much higher than the geometrical capacitance. The capacitance can be decreased further with increasing temperature ͓see Fig. 1͑b͔͒ . Up to the detector's highest operating temperature of 15 K, little bias dependence of capacitance is observed with the capacitance around Ϫ6.0 nF at 1 MHz and Ϫ35.0 nF at 10 KHz. Measurements of different mesas and samples gave a similar capacitance behavior of bias and frequency dependence. Negative capacitance phenomenon has been displayed by a variety of electronic devices, such as p-n junctions, 7 metal-semiconductor Schottky diodes, 8, 9 and GaAs/AlGaAs QWIPs. 3, 4 The microscopic physical mechanisms of the negative capacitance in different devices have been ascribed mainly to the contact injection, 4 interface state, 8 or minoritycarrier injection effects. 9 The negative capacitance phenomenon could be interpreted by transient current analysis 10 and was attributed to be a consequence of the kinetic reactivity due to the inertia ͑delay͒ of the change in the current flowing in the structure as a result of changing the applied voltage. 11 The photoconductivity has been shown to be due to the change in mobility ͑no extra current injection is necessary from the emitters͒ in GaAs HIWIP FIR detectors, 12 which can well explain the experimental gain and responsivity results. The negative capacitance caused by the injection of minority carriers can be observed only at forward biases and low frequencies. 9 The HIWIP structures show negative capacitance even at high frequencies and negative bias. The influence of interface states in GaAs HIWIP FIR detectors has been observed in dark current, responsivity and dark current noise spectra. 6 In the presence of an ac perturbation with a small voltage ␦V, the interface traps can retain a sufficient quantity of charge so that they build a dipole layer which modulates the barrier height. Hence, the dark current and the conductance are also modified. The variation of barrier height ␦V i arises mainly from carrier capture and emission at interface states. This process requires a certain period of time, which makes ␦V i ͑and dark current͒ lag behind ␦V.
By assuming a transient current ␦I(t)ϭI(t)ϪI(ϱ), when the detector is subject to a small voltage step ␦V superimposed on a dc bias V at tϭ0, the capacitance can be derived by Fourier analysis:
͑1͒
Under equilibrium condition, the energy levels are nearly filled below the Fermi level and are almost empty above. When the position of the Fermi level changes in the gap due to some variations, e.g., barrier height under ac modulation, the filling level of interface states will also change. Therefore, the charge in the interface states changes with the barrier height, resulting in the variation of capacitance: ⌬C
, where the capacitance variation ⌬C i increases rapidly with the applied bias since it is determined by the interface trap's concentration, activation energy and band bending, and is a time constant of the trap, characterizing the current relaxation time. The charging-discharging transient current ␦I c can be given by ␦I c ϭ␦V
͑2͒
The change in current is due to the impact loss of carriers at the occupied interface states under high injection of hot carriers, 8 and the delay of the change in current is determined by the rates of generation and recombination of nonequilibrium charge carriers, which depend on the applied electric field. 11 A random fluctuation in the occupancy of the interface trap centers can lead to generation-recombination 1/f noise, which has been observed in the noise measurements. 6 The generation transient current can be expressed as ␦I g ϭ␦V⌬G i , while the recombination transient current can be given by ␦I r ϭ␦V⌬G i e
, where ⌬G i is the variation of conductance. Therefore, the time-dependent inertial current due to the generation-recombination of interface traps is
͒. ͑3͒
The total transient current ␦I(t) contains impulse-like component and slowly varying relaxation components of charging-discharging current and inertial current ␦I͑t͒ϭC 0 ␦V␦͑t͒ϩ␦I c ϩ␦I gr ,
͑4͒
where C 0 is the geometrical capacitance and ␦(t) is the delta function. Substituting Eqs. ͑2͒, ͑3͒, and ͑4͒ into Eq. ͑1͒, the equation for the capacitance can be written as At high frequency (→ϱ), the capacitance tends to approach the geometrical value, as observed in the experiment, since, at the frequencies higher than the inverse relaxation time, the carrier transport process is ''frozen'' due to the finite inertia. 4 From the detector's dark-current characteristics shown in the inset of Fig. 1͑a͒ , the dc dynamic resistance (‫ץ‬V/‫ץ‬I) decreases rapidly with increasing applied bias voltage, that is, ⌬G i -⌬C i increases rapidly with the bias, resulting in the experimental observations ͑Fig. 1͒ that the capacitance decreases with increasing bias to negative values. The symmetric behavior of capacitance under positive and negative biases is also expected ͑see Fig. 1͒ as a result of symmetric dark current-voltage behavior. In addition, at a fixed bias, the capacitance decreases with the frequency ͓more rapidly at low frequencies from Eq.͑5͔͒, and the capacitance changes rapidly at high biases due to the large value of ⌬G i -⌬C i there. These are clearly seen in experimental results of Figs. 1 and 2 . Furthermore, the experimental result that the capacitance can be decreased further with increasing temperature up to 15 K can also be explained by Eq. ͑5͒, since ‫ץ‬V/‫ץ‬I decreases rapidly with increasing temperature seen by the detector's current-voltage measurements.
To compare the experimental capacitance characteristics with the above model, Fig. 3 shows the simulation results of the capacitance-frequency characteristics at 4.2 K. The parameters are estimated from the following consideration. C 0 is 44 pF from the geometrical capacitance calculation. ⌬G i (3.6ϫ10 Ϫ5 , 1.0ϫ10 Ϫ4 and 1.0ϫ10 Ϫ3 ⍀ Ϫ1 at 0.1, 0.2, and 0.3 V bias͒ is estimated from the detector's dark current measurements at 4.2 K. The interface trap relaxation time is selected to be 5.0 s, since the relaxation time of transients has normally a few s. 4 As indicated before, ⌬C i should increase rapidly with the bias, and here is arbitrarily assumed to be 1.5ϫ10 2 , 3.0ϫ10 2 , and 4.2ϫ10 3 pF at 0.1, 0.2 and 0.3 V bias. The calculated detector capacitance is very sensitive to ⌬C i , with a good fit only possible within a 1% variation. A reasonable qualitative agreement of fitting results and experimental data is observed by comparing Figs. 2 and 3. The deviation of the simulation from the experiments at high frequencies is mainly due to the neglect of frequency dependent behavior of ⌬G i and ⌬C i in the simulation.
The present GaAs HIWIP FIR detector displays a strong negative capacitance phenomenon in a wide range of frequency and bias. The experimental test of a circuit combining the HIWIP structure with an external capacitance ͑ϳ300 pF͒ in parallel shows that the circuit capacitance can be significantly reduced in a wide range of frequencies. Therefore, for FIR detection, the circuit incorporating the HIWIP detector can obviously use the negative capacitance to its advantage by decreasing its response time, since the response time is mainly determined by the circuit's RC constant. In addition, for any other focal plane array situations where low temperature is not an issue, this structure can be used to reduce the capacitance over a wide frequency range.
In summary, a negative capacitance behavior in p-GaAs HIWIP far-infrared detectors has been observed. The phenomenon can be attributed to the carrier capture and emission from the interface states. Simulation based on the transient current analysis well explains the experimental observations by using charging-discharging current and the inertial current. The negative capacitance indicates the existence of occupied states at the interfaces between emitter layers and intrinsic layers, which is in agreement with the detector dark current, response and noise measurements.
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